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Abstract:
Gas giants are the most readily detectable exoplanets but fundamental questions about their
system architectures, formation, migration, and atmospheres have been unanswerable with the
current generation of ground- and space-based facilities. The dominant techniques to detect and
characterize giant planets — radial velocities, transits, direct imaging, microlensing, and
astrometry — are each isolated to a limited range of planet masses, separations, ages, and
temperatures. These windows into the arrangement and physical properties of giant planets have
spawned new questions about the timescale and location of their assembly; the distributions of
planet mass and orbital separation at young and old ages; the composition and structure of their
atmospheres; and their orbital and rotational angular momentum architectures.
The ELTs will address these questions by building bridges between these islands of mass, orbital
distance, and age. The angular resolution, collecting area, all-sky coverage, and novel
instrumentation suite of these facilities are needed to provide a complete map of the orbits and
atmospheric evolution of gas giant planets (0.3–10 MJup) across space (0.1–100 AU) and time (1
Myr to 10 Gyr). This white paper highlights the scientific potential of the GMT and TMT to
address these outstanding questions, with a particular focus on the role of direct imaging and
spectroscopy of large samples of giant planets that will soon be made available with Gaia.
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1 Introduction
Characterizing individual exoplanets and surveying their demographics has revolutionized our
understanding of how planets form and evolve. Thousands of planets have now been identified
using a multitude of complementary detection techniques — primarily radial velocities, transits,
microlensing, and direct imaging. Each method adds an important contribution to the broader
story of how micron-sized grains grow by 13–14 orders of magnitude within a few Myr to
produce the diversity of planetary systems we observe today. These discoveries motivate, guide,
and test theories of planet formation and evolution spanning five orders of magnitude in mass,
separation, and age.
Since the dawn of the exoplanet revolution nearly a quarter century ago, giant planets in particular
have exhibited a number of puzzling characteristics that in spite of their relative ease of detection
have been difficult to theoretically explain, especially in the context of preconceived notions
about planetary architectures based on our own solar system. For instance, hot Jupiters were
discovered well within the snow line and with a broad range of eccentricities, implying some
planets undergo dramatic dynamical evolution [1]; the orbital planes of many hot Jupiters are
misaligned with respect to the spin axis of their host stars, especially for hot stars [2,3]; systems
of multiple giant planets can exhibit a diversity of architectures ranging from coplanar orbits (e.g.,
HR 8799; [4,5]) to strong mutual misalignments (e.g., υ And; [6]); the radii of many hot Jupiters
are inflated (see [7]); planetary-mass companions reside at unexpectedly wide separations of
hundreds to thousands of AU from their host stars (e.g., [8,9]); thick clouds produce unusually red
emergent spectra at young ages (e.g., [10,11]); and high-altitude hazes are prevalent among
close-in irradiated giant planets (e.g., [12]). These examples highlight the continued importance
of giant planets in an era increasingly focused on small habitable worlds.
Despite great strides in specialized instrumentation, observing strategies, and processing
techniques, both technical and astrophysical limitations have prevented the discovery and
characterization of giant planets across the entire range of ages and orbital separations. Instead,
each planet detection technique is sensitive to a restricted portion of masses, orbital periods, and
ages. For example, the transit and radial velocity methods are most sensitive to planets on orbits
well within the ice line of Sun-like stars (∼1–3 AU). These approaches also struggle for young
stars, which have fast rotation rates, larger starspot coverage, and increased correlated activity
signals on a range of timescales. Microlensing is most sensitive to the 1–10 AU region around
distant field stars, which on average are expected to be old (several Gyr) low-mass M dwarfs (e.g.,
[13]); moreover, these discoveries cannot be followed up for atmospheric characterization. Due to
contrast limitations, direct imaging with current facilities is most sensitive to self-luminous giant
planets orbiting young stars at wide separations (typically >10 AU). In the next few years,
astrometry from Gaia is poised to revolutionize our understanding of giant planet architectures
spanning all ages, but only for limited orbital distances of about 1–6 AU.
Atmospheric studies of giant planets have had comparable restrictions: transmission spectroscopy
and secondary eclipse measurements of gas giants have necessarily focused on short orbital
periods and old ages, while direct spectroscopy has largely targeted young planets on wide orbits
(see, e.g., [14]). As a result, no systematic survey of giant planet atmospheres and architectures
spanning all semi-major axes and ages has been possible with existing facilities.
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2 Key Science Questions
This incomplete census has left open many questions about giant planet formation and evolution:
• How do giant planets form? What is the timescale of giant planet assembly? Do planetary
accretion processes vary with radial distance from the central star?
• What roles do various molecular “ice lines” play in giant planet formation?
• How do planetary orbital and angular momentum architectures evolve over time?
What is the relative importance of different mechanisms of inward or outward migration
(disk-planet interactions, planet-planet interactions, or Kozai-Lidov plus eccentric capture)?
• How do non-irradiated giant planet atmospheres evolve over Myr to Gyr timescales?
What is the mechanism of heavy element enrichment relative to their host stars? Do the
input interior physics and atmospheric chemistry of giant planet evolutionary models match
the physical properties and dynamical masses of young and old planets?
3 Bridging the Census of Giant Planets
The orbits and spectra of giant planets with a range of separations and ages will be powerful tools
for understanding how planets form, migrate, and evolve. In particular, the TMT and GMT have
the potential to routinely image older (>1 Gyr) and lower-mass (≈0.3–1 MJup) planets in thermal
emission (3–10 µm) for the first time (e.g., [15,16]). Their significant gain in angular resolution
will resolve giant planets on ≈3–15 AU orbits where formation by core accretion is predicted to
be most efficient and observations are revealing a peak in the planet mass function (e.g., [17]).
Spectroscopic followup will provide an unprecedented view of planetary accretion processes,
atmospheric compositions, atmospheric evolution, and rotational angular momentum. Figure 1
summarizes the key observations needed to answer the science questions in Section 2. These are
discussed in more detail below.
3.1 Giant Planet Formation and the Role of Ice Lines
The entropy of a planet provides information about the planet assembly process and establishes
the future cooling pathway, encapsulated in “hot-start” (high-entropy), “warm-start,” and
“cold-start” (low entropy) evolutionary models [18,19,20]. Giant planet luminosities at young
ages combined with measurements of their masses can be used to infer the distribution of their
entropies as a function of mass and separation. These initial conditions provide direct information
about energy dissipation during the accretion process and offer a way to distinguish planet
formation via the “bottom-up” core/pebble accretion scenario versus the “top-down” model of
disk instability.
Imaging and spectroscopy of hydrogen emission lines provide constraints on instantaneous mass
accretion rates, temporal accretion variability, and the overall timescale of planet assembly. The
accretion-tracing Hα line has already been used to make these measurements for a handful of
planets in gapped protoplanetary disks [21,22]. Low-resolution optical/near-infrared spectroscopy
of protoplanets also provides the opportunity to distinguish between emission from young planets
and forward scattered light by protoplanetary disk material. High-resolution spectroscopy of
these targets can resolve hydrogen emission lines to constrain the accretion geometry from
3
Detection Characterization
Space Measure the mass-semimajor axis distribution to constrain planet formation mechanisms
Measure abundance ratios as a function of semimajor axis to 
understand the role of ice lines in planet formation
Time
Measure the architectures of planetary systems at 
different ages to constrain migration scenarios

Measure bolometric luminosities of planets at different 
ages to constrain initial entropies 
Measure the evolution of abundance ratios with time to 
constrain giant planet metal enrichment mechanisms

Measure hydrogen emission lines to determine the rate and 
timescale of giant planet assembly
Figure 1: Summary of key open questions (underlined) that will be addressed by specific measurements
(bold text) to trace the evolution of planet characteristics with semi-major axis (space, top row), and age
(time, bottom row).
circumplanetary disks (e.g. spherical versus boundary layer versus magnetospheric; see white
paper prepared by Sallum et al.).
Medium- and high-resolution spectroscopy of young planets spanning a range of semi-major axes
can be used to assess the role of ice lines in giant planet formation and subsequent migration. C/O
ratios of giant planet atmospheres as a population are expected to reflect the location at which
they formed relative to prominent snow lines such as H2O, CO, and CO2 [23]. Time-dependent
dust and chemical evolution models are maturing to a point where predictions for planets can
soon be made which will allow for tests of different disk evolution and planet formation
processes. These predictions from chemical modeling of disks can be directly tested by searching
for trends in C/O atmospheric abundance ratios with semi-major axis.
These observations will also provide planetary spin measurements through rotationally broadened
absorption features [24,25]. The angular momenta of giant planets are primarily set by their
accretion histories, which are regulated through interactions with circumplanetary disks.
High-resolution spectroscopy will determine how angular momentum is imparted onto planets
from these subdisks and the mechanisms that govern its evolution over time.
3.2 Testing Theories of Migration
The distribution of planets as a function of mass, separation, and age encompasses the history of
where planets form, how their orbits change over time, and the mechanisms through which this
migration occurs. Direct imaging at the GMT and TMT, used in conjunction with precision RVs
on smaller telescopes to fill in the inner few AU, will provide the most complete census of giant
planets spanning 0.1-100 AU. With a controlled sample of stars this can map the entire
mass-period distribution and its evolution with time.
The ability to image Saturn- and Neptune-mass planets at tens to hundreds of AU will help relate
the newly appreciated diversity of protoplanetary disk structure with the diversity of planetary
systems. ALMA in particular has revealed an astounding variety of features in protoplanetary
disks — inner clearings, rings, gaps, asymmetries, and spirals — which may be signposts of
planet formation [26,27]. With a complete giant planet census, the architectures of planetary
systems can be compared with these disk features to determine the role of giant planets in shaping
their formation environments. Detecting planets within gapped protoplanetary disks, or placing
tight upper limits on their masses, will test whether planets cause protoplanetary disk structures.
Long-baseline RV surveys of giant planets have offered important constraints on the radial
distribution and migration pathways of gas giants around field stars (e.g., [28,29]). However,
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Science Goal Technical Requirements
Resolve planets around stars with a range of ages (e.g. 
including distant targets: d ≳ 150 pc) Angular resolution: λ/D ~ 7 mas at λ ≳ 1 μm 
Detect planets around stars with a range of spectral types and 
ages; constrain initial entropies and planet formation timescale
• Contrast: ~10-8 at  λ ≳ 1 μm

• Multi-band high contrast imaging at ~0.5-10 μm
Measure planet bolometric luminosities and accretion-tracing 
excesses
• Multi-band high-contrast imaging at ~0.5-10 μm

• Narrowband imaging of Hydrogen lines

• Low (R~200) resolution spectroscopy
Measure planet metallicities, molecular abundances, and 
projected rotational velocities
• Low (R~200) resolution spectroscopy

• Medium (R~4000) resolution spectroscopy

• High (R~100,000) resolution spectroscopy
Constrain accretion geometry onto protoplanets High (R~100,000) resolution spectroscopy of Hydrogen lines
Figure 2: Science requirements for observing facilities to detect and characterize giant planets around stars
with ages spanning Myr to Gyr timescales and separations down to ∼ 1 AU.
these surveys are incomplete at large separations and low masses, and have necessarily focused
on old, slowly rotating stars with low activity levels. As a result, it is unclear how and when giant
planets migrate inward, assuming most form beyond the ice line. Comparing the planet
distribution functions for a range of ages will establish whether most planetary systems undergo
orbital migration after formation, and constrain the timescale associated with this process. This
will directly inform whether disk migration, planet scattering, or Kozai-Lidov oscillations
dominate, as the expected timescale for eccentric tidal capture extends well beyond the
protoplanetary disk dissipation timescale [30]. Moreover, measurements of the architectures of
planetary systems (e.g. orbital spacing and resonances) will also constrain the role of the
planetesimal disk in damping planet-planet interactions.
3.3 Atmospheric Evolution and Metal Enrichment
The atmospheres of the gas and ice giants in our solar system as well as those of a handful of
exoplanets have been shown to be enriched in heavy elements (e.g., [31]). This may be caused by
planetesimal bombardment during formation, erosion of a heavy-element core, or accretion from
a metal-rich disk. These scenarios can be tested by measuring the molecular abundances,
compositions, and metallicities of planet atmospheres at spectral resolving powers of several
hundred to tens of thousands over a broad range of ages and wavelengths, including both the 3–5
µm region for CO and 8–13 µm region for NH3 (e.g., [32]). In particular, observing sub-solar
C/H and O/H ratios as well as C/O ratios close to unity would imply intact cores most likely
formed via pebble accretion. On the other hand, super-solar C/H and O/H ratios, solar C/O ratios,
and an increasing atmospheric metallicity over time would point to either core erosion or
significant post-formation planetesimal accretion [33].
4 Characterizing Gaia-Selected Giant Planets with the ELTs
Unbiased direct imaging surveys of young stars over the past decade have resulted in a steady
pace of discoveries, but the overall occurrence rate of super-Jovian planets (5–13 MJup) on wide
orbits is low compared to planets within a few AU [9,34]. Fortunately, Gaia will provide the
community with an age-insensitive sample of tens of thousands of giant planets at orbital
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Figure 3: Properties of Gaia exoplanets that
could be imaged by PSI-Red, a potential 2-5 µm
second-generation TMT instrument [16]. This
yield assumes a realistic underlying planet pop-
ulation, identifies planets that could be detected
by Gaia over a 9-year mission together with
WFIRST astrometry (see white paper by Brandt
et al.), and determines which of those could be
recovered by PSI-Red. The planet population is
identical to that used by the NASA WFIRST team
to model the yield capabilities for its upcoming
coronagraphic instrument [38]. 0.2 0.5 1.0
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separations . 6 AU — a population known to be present based on RV surveys — by the end of its
mission [35]. This sample of “informed” targets will remove any potential risk of non-detections
and enable detailed imaging and spectroscopy of giant planets spanning the optical to thermal
infrared for a broad range of masses, separations, and ages. These planets will also serve as
fundamental calibrators to test giant planet cooling models using measurements of their
dynamical masses, effective temperatures, and bolometric luminosities (e.g., [36,37]).
Imaging and characterizing the Gaia planet sample with the goal of addressing the open questions
listed in Section 2 requires increased sensitivities, higher contrasts, and improved angular
resolution compared to current facilities. To achieve this science, we recommend a robust suite of
multiwavelength imaging and spectroscopic instruments on 30 meter-class telescopes. Current
facilities are typically sensitive to young (<100 Myr), self-luminous, warm (600-2000 K)
super-Jovian planets, whereas the ELTs will be sensitive to older (>100 Myr), colder (Teff < 600
K), and lower-mass (<1 MJup) companions — especially those that will be discovered by Gaia
over the next few years. Figure 2 provides an overview of the technical requirements needed to
meet these science objectives. Planned and potential adaptive optics-fed instruments with
high-contrast imaging, coronagraphy, and/or spectroscopic capabilities for both the GMT
(GMTIFS, GMTNIRS, GMagAO-X, TIGER) and TMT (PSI, MODHIS, IRIS, NIRES, MICHI)
are capable of meeting the required contrasts and spectral resolutions for characterizing Gaia
planets (see Figure 3). Moreover, these facilities offer long-term multiplexing and upgrade
capabilities not possible with space-based telescopes.
Taken together, the instrument and sky coverage complementarity of the GMT and TMT will
connect the giant planet population with protoplanetary disk structures and evolution; measure the
initial entropies and accretion rates of protoplanets; identify the role of ice lines and metal
enrichment in planet formation and evolution; and determine the dominant mode of giant planet
formation and migration. Altogether these facilities will provide a comprehensive view of giant
planet architectures and atmospheres across space (<100 AU) and time (1 Myr to 10 Gyr),
superseding our limited perspective of planet formation and evolution established with the current
generation of ground- and space-based telescopes over the past two decades.
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